We developed a rapid and simple competitive reverse transcription-polymerase chain reaction for the quantification of apo⑀ mRNA in human monocyte-derived macrophages. The method was applied, and its reliability was shown in patients with the familial lipoprotein disorder, type III hyperlipoproteinemia. Type III hyperlipoproteinemic patients express markedly higher concentrations of apo⑀ mRNA when compared with healthy controls. Patients with this disease are usually (>90%) homozygous for a receptor binding-defective isoform of apolipoprotein apo E (apo E2). The higher expression of apo⑀ mRNA in the patients could, therefore, be a physiological mechanism to compensate for functionally defective apo E. The developed procedure might be valuable in assessment of apo⑀ gene expression in human disease.
We developed a rapid and simple competitive reverse transcription-polymerase chain reaction for the quantification of apo⑀ mRNA in human monocyte-derived macrophages. The method was applied, and its reliability was shown in patients with the familial lipoprotein disorder, type III hyperlipoproteinemia. Type III hyperlipoproteinemic patients express markedly higher concentrations of apo⑀ mRNA when compared with healthy controls. Patients with this disease are usually (>90%) homozygous for a receptor binding-defective isoform of apolipoprotein apo E (apo E2). The higher expression of apo⑀ mRNA in the patients could, therefore, be a physiological mechanism to compensate for functionally defective apo E. The developed procedure might be valuable in assessment of apo⑀ gene expression in human disease.
Apolipoprotein E (apo E) 1 not only plays an important role in lipid metabolism but also has essential functions in general cell biology (1) . Synthesized mainly by the liver, apo E is also found in many other tissues and cells, such as the spleen, lung, smooth muscle, macrophages, and brain astrocytes (2, 3) . Additionally, a growing body of evidence has implicated apo E as critical in the pathogenesis of Alzheimer's disease (4) . Hence, interest concerning the molecular regulation of apo⑀ gene expression is increasing. Accordingly, various methods referring to this topic have been described (5) (6) (7) . However, when classical molecular biological techniques are used, problems may arise because radioactive probes as well as large quantities of cells and RNA are needed. Therefore, we developed a new and practical approach for the rapid and reliable quantitation of apo⑀ mRNA. Because our procedure is based on a PCR method, only minimal amounts of total RNA are required, enabling us to quantify apo⑀ mRNA in cultures of human monocyte-derived macrophages obtained from Ͻ50 mL of heparinized blood.
Apo E mediates both the uptake and catabolism of cholesterol-and triglyceride-rich lipoproteins via the LDL receptor and the LDL receptor-related protein (8) . Apo E is a single chain polypeptide of 299 amino acids with a calculated molecular weight of 34 200 Da (9) . The nucleotide sequences of the human apo⑀ gene (10) and mRNA (11) have been determined. The apo⑀ gene, which has been mapped to chromosome 19q13. 2 (12) , consists of four exons and three introns and is a total of 3597 nucleotides in length.
Apo E is genetically polymorphic; three codominant alleles at the apo⑀ gene locus (apo⑀2, apo⑀3, and apo⑀4) code for three different apo E isoforms, designated apo E2, apo E3, and apo E4 (13) , giving rise to six common apo E phenotypes: three homozygous (apo E4/4, apo E3/3, and apo E2/2) and three heterozygous (apo E4/3, apo E4/2, and apo E3/2). The common apo E2 (Arg 158 3 Cys) isoform exhibits a markedly reduced affinity for hepatic lipoprotein receptors (14) . Homozygosity for this isoform is a prerequisite for the familial lipoprotein disorder, type III hyperlipoproteinemia (HLP), causing a disturbance of the metabolism of triglyceride-and cholesterol-rich remnants of chylomicrons, VLDLs, and intermediate-density lipoproteins, collectively referred to as ␤-VLDLs (15) . Affected individuals develop accelerated and premature atherosclerosis involving both coronary and peripheral arteries. We chose monocyte-derived macrophages to investigate apo⑀ gene expression in patients with type III HLP and healthy control subjects.
The regulation of apo E protein secretion has been extensively studied, in particular in macrophages (2, 6, 7, 16, 17) . However, data concerning apo⑀ transcription in this system are rare, mainly because many cells have to be cultivated to obtain adequate mRNA quantities to perform traditional RNA blotting techniques. Making use of a combination of reverse transcription and a specifically designed competitive PCR, we were able to quantify specific apo⑀ mRNA transcripts from Ͻ1 g of total RNA. Thus, this method may prove useful for studying gene expression; in particular, it may prove useful when the amount of biological material is very small and high assay sensitivity is required.
Materials and Methods patients and controls
Eleven patients between 31 and 75 years of age (7 men and 4 women) with "classical" type III HLP were selected for the study. As a control group, sex-and age-matched healthy individuals were chosen. All type III HLP patients were homozygous for the apo⑀2 allele, whereas control subjects were of apo⑀3/3 (n ϭ 10) and apo⑀4/3 (n ϭ 1) genotype, as determined by the method of Hixson and Vernier (18) .
isolation of human mononuclear cells and monocyte enrichment
After donors had fasted for 12 to 14 h, 50 mL of venous blood with the addition of 10 U heparin/mL was ob-tained. Blood samples were generally taken in the morning and subsequently submitted to standard Ficoll Hypaque density gradient centrifugation (19) . Isolated mononuclear cells were washed with sterile RPMI-1640 medium without added serum (Life Technologies). Monocytes were enriched by allowing the cells (20 ϫ 10 6 in 10 mL of serum-free medium) to adhere to 25-cm 2 plastic flasks (Costar) for 60 min at 37°C. After this time, the supernatant was decanted, and nonadherent cells were removed by gently rinsing the flasks with ice-cold serum-free phosphate-buffered saline (pH 7.4) without added calcium or magnesium. Serum-free culture medium (10 mL; Macrophage-SFM, Life Technologies) containing 100 U/mL penicillin and 100 g/mL streptomycin was added to the adherent cells, and the cells were incubated for 5 days at 37°C in a humidified atmosphere of 5% CO 2 . Cells were harvested by scraping the flasks with a rubber policeman. After the cells were washed with phosphate-buffered saline, the viability exceeded 95%, as determined by trypan blue exclusion. The cell population was composed of Ͼ90% CD14-positive cells, as shown by flow cytometry-staining. After centrifugation, cell pellets were lysed in 500 L of guanidinium thiocyanate buffer and stored at Ϫ80°C until RNA preparation.
rna preparation
Total cellular RNA was extracted from guanidine thiocyanate-lysed cells according to a modified method of Chomczynski and Sacchi (20) , using a commercially available RNA isolation kit (Fluka). RNA pellets were dissolved in 10 -20 L of diethyl pyrocarbonate-treated water, and aliquots were taken to measure optical density and to check RNA integrity by denaturing agarose gel electrophoresis (21) . RNA samples were also stored at Ϫ80°C.
reverse transcription
Purified total RNA was reversely transcribed using avian myeloblastosis virus reverse transcriptase obtained with the Superscript™ Preamplification System for First Strand cDNA Synthesis (Life Technologies). As a general rule, 1 g of total RNA was used for cDNA synthesis, which was performed in a sample volume of 20 L, according to the manufacturer's instructions and using oligo(dT) (12-18 mer) as a primer. Finally, reversely transcribed samples were adjusted with water to a final volume of 100 L and stored at Ϫ80°C. Reactions were started with an initial step for denatur- (22), generating a 270-bp amplification product from apo E cDNA. PCR 2 was performed with the 270-bp fragment as a template and using the original 5Ј-primer and a specially designed 3Ј-linker primer (25) , generating a 216-bp DNA fragment that could be reamplified in PCR 3, using the original 5Ј-primer and 3Ј-primer. ation at 94°C for 3 min, followed by cycles for denaturing at 94°C for 45 s, annealing at 55°C for 45 s, and DNA synthesis at 72°C for 90 s. After the last cycle, reactions were continued at 72°C for 10 min for primer extension. The numbers of cycles were 35 for apo⑀-specific reactions and 30 for glyceraldehyde-3-phosphate dehydrogenasespecific (GAPDH-specific) PCR, respectively. Primers were synthesized by MWG-Biotech. The following apo⑀specific primers were used (22): 5Ј-TTC CTG GCA GGA TGC CAG GC-3Ј (5Ј-primer, 20-mer) and 5Ј-GGT CAG TTG TTC CTC CAG TTC -3Ј (3Ј-primer, 21-mer). GAPDHspecific PCR was performed using the following primers (23): 5Ј-TGA AGG TCG GAG TCA ACG GAT TTG GT-3Ј (5Ј-primer, 26-mer) and 5Ј-CAT GTG GGC CAT GAG GTC CAC CAC-3Ј (3Ј-primer, 24-mer).
synthesis of an internal dna standard and competitive pcr
For synthesis of the internal apo⑀ DNA standard, the 270-bp PCR apo⑀ fragment served as a template. For this purpose, the DNA band was cut out of the agarose gel. The gel slice was cut into small pieces and incubated for several hours in 0.5 mL Tris-acetate buffer (pH 7.4) at room temperature. A few microliters of the supernatant were used in a second PCR, which was performed using the same 5Ј-primer but replacing the original 3Ј-primer with an internal 3Ј-linker primer of the following sequence: 5Ј-GGT CAG TTG TTC CTC CAG TTC TTG GGT GAC TTG-3Ј (33-mer). The resulting 216-bp amplification product was again isolated from the agarose gel and reamplified in several PCR samples using the original 5Ј-primers and 3Ј-primers, respectively, to obtain sufficient DNA, which was subsequently purified from agarose gels using a modification of the method of Vogelstein and Gillespie (24) . After the optical density of the samples was measured, aliquots of standard DNA were made that contained 1 pmol/L 216-bp fragment and 50 mg/L glycogen for stabilization. Aliquots were stored at Ϫ20°C until they were used in competition experiments.
For competitive apo⑀ PCR, 4 L of cDNA mixture was placed in each of 6 -8 PCR test tubes. Internal standard DNA was added to the tubes in increasing amounts, generally in a range of 0.03-1.6 pmol/L. After amplification, samples were electrophoresed in a Tris-borate buffer system using 2% agarose gels containing 0.36 mg/L ethidium bromide. DNA bands were visualized under UV light and detected with a digitalizing gel documentation system (INTAS). Quantification was performed using the NIH Image 1.4.4. computer system.
For competitive GAPDH-PCR, the cDNA mixture was diluted 1:25 before use in the experiments. Samples were then prepared in a manner similar to that described for apo⑀. The 983-bp amplification product obtained using the GAPDH-specific primers competed with an internal DNA standard (Clontech), yielding a 630-bp PCR product.
statistical analysis
Statistical analysis was performed with the Mann-Whitney U-test for nonparametric data. P values Ͻ0.05 were considered significant.
Results
In our approach to the quantification of apo⑀ mRNA, two essential steps of nucleic acid analysis have been combined. In the first step, total RNA-including mRNA-is reversely transcribed to yield a cDNA. In the second step, this cDNA is analyzed for apo⑀-specific transcripts by use of a highly sensitive PCR. This method, therefore, is commonly referred to as reverse transcription-PCR (RT-PCR). However, because of the exponential nature of PCR, small variations in amplification efficiency can lead to dramatic changes in product. Thus, quantitative information may be difficult to obtain. Therefore, we have designed an internal DNA standard that shares the same primer sites as the target transcript. This DNA may be coamplified simultaneously in each PCR tube, thus allowing, by means of competition, an exact quantification of the target transcript (competitive RT-PCR) (25, 26) . Because of this competitive design, the molar ratio of the target-to-standard sequence remains constant throughout the amplification, not only during the exponential but also during the nonexponential phase of the reaction, rendering this technique independent of both the number of cycles (27) and other so-called "tube-to-tube" effects.
For apo⑀ amplification, we chose a pair of primers previously described by Wang et al. (22) that yielded a 270-bp amplification product. Although the annealing site for the 3Ј-primer (5Ј-GGT CAG TTG TTC CTC CAG TTC-3Ј) is located completely within the fourth exon of the apo⑀ gene (nucleotides 3640 -3660), the 5Ј-primer (5Ј-TTC CTG GCA GGA TGC CAG GC-3Ј) anneals to the last 10 nucleotides of the second exon and the first 10 nucleotides of the third exon (nucleotides 1717-1726 and 2920 -2929, respectively). Therefore, its annealing site is only formed in the correctly spliced mRNA. As expected, we did not obtain any amplification products when we used genomic DNA or total RNA that had not been reversely transcribed before PCR.
For internal standard generation, we chose a method previously described by Fö rster (28) , which is shown in a schematic view in Fig. 1 . For this purpose, we synthesized a 33-mer 3Ј-linker primer (5Ј-GGT CAG TTG TTC CTC CAG TTC TTG GGT GAC TTG-3Ј) that anneals to a 18-bp sequence at nucleotides 184 -201 of the 270-bp fragment and that carries an overhanging 5Ј-tail complemetary to the original 3Ј-primer annealing site. Because the original 3Ј-primer site is 21 nucleotides in length, one would expect the linker primer to consist of 39 nucleotides. However, a 33-mer primer was sufficient because the last six matching nucleotides of its 3Ј-annealing site were identical with those beginning the complementary sequence of the original 3Ј-primer. Using the 270-bp fragment as a template in a reaction in which the original Clinical Chemistry 44, No. 4, 1998 3Ј-primer had been replaced by this 3Ј-linker primer, PCR generated a DNA fragment that was shorter in length (216 bp) but was, apart from the deleted nucleotides, identical to the 270-bp fragment with respect to sequence and primer sites and was, therefore, suitable for use as a competitive standard.
A typical competitive PCR experiment in which a series of samples were amplified using the original 5Ј-and 3Ј-primers is shown in Fig. 2A(22) . Samples each contain the same amount of cDNA mixture but contain increasing amounts of the 216-bp fragment as a competitive internal standard. After gel electrophoresis, band intensities were determined using a computer imaging system, and data were plotted as log I internal standard ϫ k/I target (I, intensity of the band; k, correction factor) vs log concentration of added internal standard ( Fig. 2B ; because the same molar amount of a longer DNA fragment will stain more intensely than a shorter one, the intensity values of the internal standard must be corrected with respect to the molar ratio of the two fragments using the correction factor k, which is 270 bp/216 bp ϭ 1.25). The amount of apo⑀-specific cDNA, which reflects the amount of mRNA, can now be calculated from the plot at the point where identical molar amounts of both fragments are obtained (log I internal standard ϫ k/I target ϭ 0) (Fig. 2B) .
Apo⑀ mRNA data obtained for different samples of cDNA by the described method are only comparable under the assumption that the efficiency of cDNA synthesis was identical in each tube. This, however, is rather unlikely because very often tube-to-tube effects are observed in this procedure. Therefore, all cDNA samples were additionally analyzed with respect to GAPDH gene expression, which is known to be an almost constantly expressed "housekeeping" gene and often is used as a molecular standard (23) . Data are thus presented as moles of apo⑀ mRNA per mole of GAPDH mRNA. In terms of validation of our method, we have performed several experiments, one of which is shown in Table 1 . Intraassay variation was low and reproducibility of data was high, with SDs in a range of Ͻ15% of the mean.
Making use of the described PCR method, we analyzed the apo⑀ gene expression in macrophages of 11 patients with classical type III HLP and homozygosity for apo E2 (Arg 158 3 Cys). More than 90% of the patients with this familial lipoprotein disorder are homozygous for this apolipoprotein isoform, which exhibits markedly reduced binding to hepatic lipoprotein receptors (14) . Reduced receptor affinity may, therefore, be compensated for by higher serum concentrations of this protein. In our study, we used macrophages because they are easy to obtain and have been shown to secrete essential amounts of plasma apo E (29) . We showed that macrophages of patients with type III HLP express a markedly higher amount of the . 3 ).
Discussion
Until now, most studies concerning gene expression made use of traditional techniques such as Northern and "dot blot" hybridization, which require large quantities of cells and mRNA, respectively. Moreover, these methods permit only crude quantitation of mRNA. Therefore, the combination of reverse transcription with the high sensitivity of PCR has been increasingly applied to amplifying cDNA copies of low abundance mRNA. In particular, when combined with competitive internal DNA standards, this procedure is the method of choice for detecting and quantifying minimal amounts of mRNA transcripts (25) (26) (27) . As reported here, our approach with respect to the analysis of apo⑀ gene expression enables us to detect far less than one attomole of apo⑀-specific sequences. This may be achieved by the use of a cDNA prepared from Ͻ1 g of total RNA, which can be obtained from as few as 3 ϫ 10 5 macrophages. In contrast, Northern blot analysis was performed in monocyte-derived macrophages by making use of ϳ10 -20 ϫ 10 6 cells and as much as 10 -20 g of total RNA (30) . The method of apo⑀ mRNA quantification presented here should, therefore, prove particularly useful in cases where cells or mRNA are in low concentrations or difficult to obtain.
As we expected, apo⑀ gene expression is relatively high in human monocyte-derived macrophages. Thus, in cells of healthy subjects apo⑀ mRNA concentrations are ϳ30% with respect to the expression of the common housekeeping gene GAPDH. In macrophages of patients with type III HLP, apo⑀ gene expression is nearly twice as high. These results are in accordance to data on serum concentrations of apo E, which have also been reported to be nearly twice as high in patients with apo⑀2/2 genotype when compared with a control group with apo⑀3/3 genotype (31). One could speculate, therefore, that higher apo E serum concentrations in type III HLP patients might be due to increased expression of the defective gene product rather than to reduced clearance from plasma. It would also be interesting to confirm our findings by using in vivo macrophages or in experiments using human liver tissue, which, however, is difficult to obtain. 
